
at SciVerse ScienceDirect

European Journal of Medicinal Chemistry 65 (2013) 376e380
Contents lists available
European Journal of Medicinal Chemistry

journal homepage: http: / /www.elsevier .com/locate/ejmech
Original article
Evaluation of Jatropha isabelli natural products and their synthetic
analogs as potential antimalarial therapeutic agents

Victor Hadi, Megan Hotard, Taotao Ling, Yandira G. Salinas, Gustavo Palacios,
Michele Connelly, Fatima Rivas*

Department of Chemical Biology and Therapeutics, St. Jude Children’s Research Hospital, 262 Danny Thomas Place, Memphis, TN 38105-3678, USA
a r t i c l e i n f o

Article history:
Received 15 February 2013
Received in revised form
9 April 2013
Accepted 11 April 2013
Available online 23 April 2013

Keywords:
Jatropha isabelli
Jatrophone
Conjugated additions
Antimalarial agents
Plasmodium falciparum
Abbreviations: PAMPA, parallel artificial membran
meta-chloroperoxybenzoic acid; NBS, N-bromosuccin
3-methylimidazolium tetrafluoroborate.
* Corresponding author. Tel.: þ1 901 595 6504; fax

E-mail address: Fatima.rivas@stjude.org (F. Rivas).

0223-5234/$ e see front matter Published by Elsevie
http://dx.doi.org/10.1016/j.ejmech.2013.04.030
a b s t r a c t

Protozoal diseases such as malaria are a leading world health concern. We screened a library of frac-
tionated natural products to identify new potential therapeutic leads and discovered that jatrophone
(a product of Jatropha isabelli) exerts significant activity against Plasmodium falciparum strains 3D7 and
K1. A focused jatrophone-scaffold library was synthesized to evaluate jatrophone’s mode of action and
identify more selective analogs. Compounds 25 and 32 of this natural producteinspired compound
library exhibited micromolar EC50 values against strains 3D7 and K1, thus providing a new antimalarial
molecular scaffold. Our report describes an efficient derivatization approach used to evaluate the
structureeactivity relationship of jatrophone analogs in search of potential new antimalarial agents.

Published by Elsevier Masson SAS.
Introduction

Malaria is among the most deadly protozoal diseases, yet only a
limited number of therapeutic agents are available. Malaria is
endemic to more than 100 nations and remains one of the main
leading causes of death in children less than five years of age
worldwide [1]. Malaria is prevalent across the globe but is localized
in Africa, where its annual mortality rate is high. Although several
factors are responsible for the high malaria mortality rate, the
major contributors are poor vector control and the rise of drug
resistance [1]. In humans, malaria is caused by four plasmodium
species (Plasmodium falciparum, Plasmodium vivax, Plasmodium
ovale, and Plasmodium malariae), the most virulent of which is
P. falciparum [2].

The rise of multidrug-resistant strains poses a serious threat, as
the scaffold diversity of the available antimalarials is limited. Five
classes of antimalarial compounds are available for therapeutic
use. Two of these are chemically related d the 4-aminoquinolines
(chloroquine, quinine) and 8-minoquinolines (primaquine) d
e permeability assay; mCPBA,
imide; [bmim][BF4], 1-butyl-

: þ1 901 595 5715.

r Masson SAS.
while proguanil, atovaquone, and artemisinin derivatives are
chemically distinct [2,3]. The World Health Organization has rec-
ommended a combination regimen based on artemisinin [1], which
is the only agent P. falciparum is susceptible to. Resistance
is expected to emerge with greater use of artemisinin derivatives
[3e6], and the need for new antimalarial scaffolds is thereforemore
urgent. Herewe report our screening of a terrestrial natural product
to identify potential antimalarial lead compounds and our evalua-
tion of jatrophone analogs as potential therapeutic agents.

Natural products have provided a direct source of therapeutic
agents and a basis for drug development for the past 60 years [7].
Nature continues to provide useful structural architectures that
feature selective chemical space that can potentially access new
biological targets. We initially screened 150 continental American
terrestrial plants with recorded ethnopharmacological properties
by utilizing automated high-throughput fractionation methods [8].
This screen identified several validated hits. The natural product
selected for follow-up studies was jatrophone, a compound isolated
from the Paraguayan plant “yaguaroba” or Jatropha isabelli Muell.
Arg., belonging to the Euphorbiaceae family and popularly used
medicinally [9]. When jatrophone was first structurally elucidated
[10e13], it showed promising anticancer and anti-gastrointestinal
properties, but its narrow therapeutic window has impeded its
advancement to the clinic [12e14]. Other terpene compounds have
been isolated from the rhizomes of Jatropha isabelli, primarily those
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Fig. 1. Chemical constituents of Jatropha isabelli.
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shown in Fig. 1 [14]. We isolated compounds 1, 2, 3, and 5 from
Jatropha isabelli by using a modified extraction method, but the
reported terpenes (1a and 3a) were not detected; jatrophone (1)
was the main component isolated.

Jatrophone belongs to a large family of terpenes that were iso-
lated from Jatropha diterpenes and that have a broad range of
biological activities, including antitumor, cytotoxic, anti-
inflammatory, molluscidal, and fungicidal properties [9]. Jatro-
phone is a macrocyclic diterpene featuring a unique oxaspiro center
plus several electrophilic centers; its chemical features place it in a
novel class of antimalarial scaffolds. Although jatrophone’s specific
biological target(s) remains elusive, its potent biological activity
warrants further study. Before further derivatization, ADME (ab-
sorption, distribution, metabolism and excretion) studies were
performed to evaluate jatrophone’s physicochemical properties.
The compound displayed good solubility (20 mg/mL at pH 3 or pH 7)
and membrane permeability (5.25 � 10�4 cm/s in PAMPA assay)
and a reasonable efflux ratio of 1.5 in CACO cells. Its clearance was
rapid as indicated by its short half-life in human andmouse hepatic
microsomes e t1/2 ¼ 0.10 h and t1/2 ¼ 0.09 h, respectively e and in
plasma: t1/2 ¼ 0.13 h and t1/2 ¼ 0.21 h, respectively. Jatrophone
showed the same (74%) binding affinity to human and mouse
plasma proteins [15,16].
Fig. 2. Conjugated cascade cyclization reactio
To investigate jatrophone’s antimalarial structureeactivity
relationship (SAR), we synthesized a focused compound library and
evaluated the compounds’ activity against both chloroquine-
sensitive (3D7) and chloroquine-resistant (K1) parasites by
following an established protocol [17]. Jatrophone’s highly conju-
gated system allows it to readily undergo 1, 2-nucleophilic addi-
tions as well as 1,4-Michael additions induced by either Grignard
reagents or activated heteroatoms (S, N, and O). Previous studies of
jatrophone with propanethiol suggested that its mechanism of
action involves a retrogradeMichael reaction that unmasks a highly
electrophilic C8eC9 enone double-bond set to covalently capture
the sulfhydryl group [10].

It is plausible that available protein-bound thiol groups present
in the Malaria parasite react similarly with jatrophone. In cancer
biology studies, selective glutathione depletion by Michael accep-
tors sensitized hepatocytes to hypoxia, making glutathione deple-
tion a promising potential antitumor strategy [18]. To examine
whether jatrophone was reacting or depleting glutathione, we
studied the reaction of jatrophone with reduced glutathione and
with thiophenol. The Michael adduct 7 was obtained from the re-
action with glutathione, which was the limiting reagent. When
more than half an equivalent of glutathione was added, complex
compound mixtures were observed. In contrast, reaction with
ns of jatrophone with sulfhydryl groups.



Fig. 3. General synthetic approaches to jatrophone analogs.
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thiophenol yielded only the stable trans-annular conjugated
Michael product 8 (Fig. 2), illustrating the ease with which the
small, electron-rich thiol group was added at multiple sites. These
findings suggest that both size and electronic properties influence
the outcome of addition of thiol-bound reagent, but additional
biological evidence is needed to support whether jatrophone is
indeed reacting with a thiol-group as its mechanism of action.
Fig. 4. Focused jatrophone c
With this preliminary information, we proceeded to investigate
jatrophone’s potential as an antimalarial agent and seek to broaden
its therapeutic window. Taking the systematic approach illustrated
in Fig. 3, we used conjugated additions, including 1,2 and 1,4-
Michael additions at C7, C9, and C12, C14, to impede the binding
of endogenous thiol groups and probe if they kept their activity.
Overall reduction reactions of the jatrophone olefin systems was
expected to limit its reactivity, and electrophilic additions were
made to help probe jatrophone’s chemical space and to investigate
if they retain biological activity. Each individual constituent of
Jatropha isabelli was also evaluated for antimalarial properties to
anticipate any synergism attributable to traces of other compounds
during the fractionation process.

As shown in Fig. 4, the exploration commenced with the hy-
drogenation of jatrophone, affording compounds 9 and 10.
Several attempts to selectively conduct epoxidation [19] across
C8eC9 were unsuccessful due to competing side reactions.
However, epoxidation of jatrophone at C3eC4 by using mCPBA
resulted in the thermally stable compound 11, presumably
through oxidative rearrangement at C12eC13. AWittig reaction of
the enone at C-7 afforded the expected exocyclic olefin 12, and
deoxygenation of the allylic hydroxyl at C-7 with a hydride source
(Et3SiH) in the presence of a Lewis acid (BF3.Et2O) afforded
product 12a [20].
ompound library 1e37.
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Fig. 5. Heat map of antimalarial activity and cytotoxicity of compounds 1e37.
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The reaction of jatrophone with CF3SiMe3 in the presence of a
catalytic quantity of CsF proceeded predominantly via 1,2-addition,
yielding a 2:3 mixture of compounds 13 and 14, respectively, after
hydrolysis [21]. A methyl Grignard reaction yielded the 1,2-addition
product 15 and the 1,4-conjugated addition compound 16 as
byproducts. In view of the high affinity of silicon for fluoride anion,
jatrophone was treated with trimethylsilyl cyanide, and CsF,
providing compounds 17 and 18 [22].

Metal-free cyclopropanation reactions of jatrophone with
diazomethane afforded only dihydrofuran product 19, via carbene
addition at C9 with simultaneous enolate treatment to release ni-
trogen gas [23]. Selective 1,2-reduction of enone C7 with sodium
borohydride in combination with CeCl3 resulted in the expected
diastereoisomers 20 and 22 (3:1 ratio in favor of equatorial hydride
attack) and trace amounts of jatrophone reduced at both C7 and
C14. Acetylation of the resulting hydroxyl groups yielded com-
pounds 21, 23, and 24.

Further derivatization of compound 20 to the corresponding
imidazole-1-carbothioate by treatment with 1,10-thiocarbonyldiim-
idazole provided compound 25, and treatment with phenyl chol-
orodithioformate in the presence of 4-dimethyaminopyridine
afforded compounds 26 and 27.

Electrophilic reactions, particularly bromination, were of high
interest given the fact that bromination often enhances the bioac-
tive properties of organic compounds [24]. Because the use of
molecular bromine had been reported to afford mixtures [11], we
used other bromine-containing reagents, such as N-bromosucci-
nimide (NBS). As treatment of jatrophone with NBS in carbon tet-
rachloride produced small quantities of compound 28, we sought
an alternative reaction condition. Jatrophonewas then treated with
NBS in ionic liquid medium [bmim][BF4] (known to increase po-
larization of the NeBr bond, enhancing the reagent’s reactivity and
shortening the reaction time), yielding compound 29 and the
starting material [24].

Having evaluated several functionalities of jatrophone, we
turned our attention to electrophilic reactions that induce subtle
changes in the overall electronic properties of the parent com-
pound, but changes in the overall chemical space. Stereoselective
synthesis of cyclic, substituted olefins by Heck reaction of organic
halides with an a,b-unsaturated system are fairly uncommon.
However, previous studies had shown that through a complex
mechanism, 1,2-disubstituted, electron-poor olefins can undergo a
Heck-type reaction in the presence of palladium (II), Ag2CO3 as the
base, and a large excess of the iodo-aromatic donor [25]. In fact,
Heck cross-coupling reactions of jatrophone with p-iodoanisole,
iodobenzene, and iodo-benzotrifluoride readily afforded com-
pounds 30, 31, and 32, respectively. Finally, addition of non-carbon
soft nucleophiles (H2O, MeOH, iPrOH) to the C9 of jatrophone
proceeded efficiently to afford compounds 33, 34, and 35. Selective
hydroxylamine or aniline addition at C9 produced compounds 36
and 37 respectively, albeit in poor yields.

Some of the presented reactions did not proceed in good yields
due to the high complexity of the starting material, and its insta-
bility under basic and high temperature conditions.

The heat map corresponding to our antimalarial strains and
cytotoxicity mammalian cell lines (Raji, HepG2, HEK293, and BJ)
results for compounds 1e37 are illustrated in Fig. 5. These results
indicated that the olefin C8eC9 of jatrophone played an impor-
tant role in its activity, and subtle changes at this bond allowed
the development of selective compounds. Although most jatro-
phone analogs exerted antimalarial effects against both the 3D7
and K1 strains, few compounds (compounds 8, 15e20, 22e23, 29
and 37) were more potent than the parent compound. Although
more potent compounds were needed, we were interested pri-
marily in compounds more effective against the K1 (chloroquine-
resistant) malaria strain. Compounds 8, 25, 27, 32, and 37met this
criterion although they had lost their extended conjugation sys-
tem, indicating that the overall scaffold contributes to compound
activity.

Surprisingly, addition of electron-rich aromatic groups at C-9
(compounds 30e31) had only a moderate effect on antimalarial
activity and showed no cytotoxicity to the tested mammalian cell
lines. However, compound 32 was a substantial lead, with potency
similar to that of jatrophone against bothmalaria strains (EC50: 6.07
and 5.8 mM for 3D7 and K1, respectively) and low cytotoxicity.
Further, its physicochemical properties did not differ substantially
from those of the parent compound (solubility, 17 mg/mL; perme-
ability, 1.06 � 10�4 cm/s in PAMPA assay). Together, these jatro-
phone analogs provided an activity profile of the overall chemical
space. While the substitution pattern was important, the olefin
across C8eC9 proved to be instrumental to overall reactivity.

In conclusion, our systematic synthetic derivatization of the
natural product jatrophone yielded the promising compound leads
25 and 32, which displayed good antimalarial activity and lower
cytotoxicity than that of jatrophone inmammalian cells. Ourfindings
warrant further studies to identify the biological target of this highly
functionalizedmolecular scaffold, which possesses a chemical space
different from those of known antimalarial therapeutic agents.
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